Recent experiments on the effects of flight on jet engine exhaust noise have produced apparently conflicting results. Some of these results do not agree with projections based on classical jet noise theories nor with experimental results from model jet simulated flight tests. It has been shown that in some of the cases reported, the proper corrections were not made to account for the distributed nature of the jet noise sources. It is shown herein that the remaining discrepancies can be reconciled by considering the combined effects of jetmixing noise, internally-generated engine exhaust noise, and shock noise. This paper demonstrates that static and In-flight jet engine exhaust noise can be predicted with reasonable accuracy when the multiple-source nature of-the problem is taken into account. Jefr-mixing noise is predicted from an improved version of the NASA interim prediction method. Provisional methods of estimating internally-generated noise and shock noise flight effects are used, based partly on existing prediction methods and partly on recently reported engine data.
INTRODUCTION
To assess the environmental impact of aircraft noise it is necessary to predict the effect of flight on jet engine exhaust noise. For new or proposed airplanes particularly, such predictions will be based at least in part on model and full-scale static and simulated-flight tests. Because of costs, to rely solely on full-scale flight tests would severely limit the number of configurations and concepts that.could:be tested. Therefore, it is essential to be able to predict flight noise from static or simulated-flight data.
STAR Category 71
Some flight data published in the last two years (e.g., refs, 1 and 2) on jet engine exhaust noise do not agree with projections based on classical theory (e.g., ref.
3) or flight simulation experiments (e.g., refs. 4 to 8) for jetmixing noise. The in-flight levels were found to exceed extrapolated static levels over a wide range of angles, particularly the forward quadrant, while theories such as that of reference 3 and simulation experiments indicated that flight effects should reduce the-noise at all angles. It was subsequently shown (ref. 9 ) that these apparently anomalous flight effects can be largely reconciled on the basis of the combined contributions of jet-mixing noise and internallygenerated exhaust noise. It has also been suggested that, in some of the anomalous cases reported, proper accounting of the distributed nature of the noise source was not made in extrapolation of the static data.' ' When such corrections are made the apparent anomalies are reduced^ ', and even better agreement is obtained between experimental data and predicted values.
More recently reported flight tests (e. g., refs. 10 to 12) indicate a wide range of results. In some cases, an in-flight noise increase in the forward quadrant was observed, while in some cases (e.g., ref. 10) in-flight noise reductions were observed at all angles. Depending on the circumstances, the forward quadrant noise increase has been attributed to shock noise and/or internally-gene rated noise (e. g., ref. 9) . It is of interest to note that there is found spectral evidence of internally-generated noise effects in the flight data of reference 10, even under conditions where the internally-generated noise levels were not sufficient to cause a forward quadrant noise increase. In reference 13, it is indicated that nacelle boundary layer effects can eliminate the source-strength reduction for jet-mixing noise in flight, such as early theories (e. g., ref! 3) predict. Coupled with dynamic effects, this could lead to a forward quadrant noise increase in flight.
It is the purpose of this paper to show that static and in-flight jet engine exhaust noise can be predicted with reasonable accuracy when the multiplesource nature of the problem is taken into account, as has already been shown (ref. 9) for a turbojet. The analysis of reference 9 is updated and extended to turbofan engines. Jet-mixing noise is predicted, statically and inflight, from an improved version of the NASA interim prediction method given in reference 14. Provisional methods of estimating internally-generated noise and shock noise flight effects are used, based partly on existing prediction methods (refs. 15 and 16) and partly on recently reported engine data. The source strength of the internally=generated noise is assumed to be unaffected by flight, as has been observed in small-scale free jet experiments (e. g., ref. 17) . It is further assumed that the intern ally-gene rated noise is subject to the convective amplification of a simple noise source, -40 log (1-M cos 9) (refs. 18 to 20). PREDICTION 
METHODS
The noise of a jet engine, in the absence of dominant fan and compressor noise, is considered herein to be the anti-logarithmic sum of the noises from three uncorrelated sources: f SPL/10 SPL Q ,/10 SPL T /10] SPL = 10 log (10 J +10 bn +10 X } (1) where the subscript J denotes jet-mixing noise, the subscript I denotes internally-gene rated noise, and the subscript Sh denotes shock noise (absent for subsonic or fully-expanded supersonic jets). The methods used to predict the noises from these sources are described in the following sections.
Jet-Mixing Noise
The jet-mixing noise, in the static case, is predicted using the NASA interim prediction method for jet noise (ref. 14). For the in-flight case only a minor modification (to be described later) to the method of references 9 and 14 has been made herein. The equations will be given here for the OASPL only; spectral prediction curves are given in reference 14. The relations given here are for a single jet; the increments due to the bypass flow are given in reference 14 and are not effected by flight.
Static OASPLj. -The overall sound pressure level at a radiation angle, e, of 90° (referred to the engine inlet axis) for,shock-free circular jets at ISA ambient conditions is given by where
The OASPL, at other radiation angles is then determined from the following: J
where F(6») is an empirical correction factor shown in figure (5) where M G is calculated from equation (3b) and M ,-, is given by
= -10 loglT-(V 0 /c & )cos 01 (6) Spectral effects are predicted on the basis of similarity at constant f/(V. -V ), where V = 0 in the static case, as well as a Doppler frequency shift 3 .
Internally-Generated Noise
Static OASPL . -The internally-generated noise from a jet engine arises from many sources, such as combustion noise, turbomachinery noise, and flow noise. In the present analysis, the acoustics of these sources is lumped, and the prediction is based on the core noise parameters used in references 15 and 16. First, the peak noise, at 0 = 120°, is calculated from the following equation:
OASPLj I20 o = Kj -20 log R + 10 log( m (7) where K T = 56 for turbojets and 46 for turbofans. The variation of OASPLj (referred to that at 6 = 120°) with angle is shown in figure 2 for several engines (refs. 16, 21, and 22) as well as for combustors (ref. 16 ). The prediction method of references 15 and 21..and that of reference 16 are shown for comparison. Considerable scatter is evident in the experimental data. The prediction methods, being based on different sets of data, are also not in close agreement. The prediction curve used herein (solid line) is intermediate between these two earlier prediction curves and is largely based on examination of the data of reference 23.
Effect of flight. -When an acoustic source is in motion its radiation characteristics are altered. Ahead of the moving source, the intensity of the sound is increased, and behind the moving source the intensity of the sound is decreased, while at 90° from the axis of the moving source there is no effect. These effects result from source motion relative to both the observer (kinematic effect) and the propagation medium (dynamic effect).
The effect of source motion relative to the observer is due to the wellknown Doppler effect. Additionally, the sound intensity is amplified by the Doppler"factor (1 -M cos 0)~ . The effect of source motion relative to the medium on sound intensity may be approximated by the Doppler factor raised to a power dependent on the type of source. Thus, the combined kinematic and dynamic effects may be lumped. The following expression is used in this report: and internally-generated noise may well consist of both monopole (combustion) and dipole (flow-surf ace interaction) noises. Spectral shape. -The spectral shape referred to in reference 16 as the "spectral envelope" is used herein. Reference 16 indicates that a narrower spectrum is recommended for pure combustion noise. However, in an engine all the internal sources are dealt with, so the broader "spectral envelope," which agrees with engine data reasonably well, is more appropriate for the present study. The peak of the spectrum is at 400 Hz statically (as in ref . 16); in flight a Doppler frequency shift is assumed.
Shock-Associated Noise
No new method of predicting shock-associated noise is proposed herein. Instead, static experimental data are used as a base for the prediction of inflight shock noise. The effects of flight are assumed to be the same as for internally-generated noise.
COMPARISON OF PREDICTION WITH EXPERIMENTAL FLIGHT DATA
In order to illustrate some typical effects of flight on jet engine exhaust noise, the following typical shock free case, taken from reference 9, is chosen as an example: a single-engine airplane with V./c =1.8, J p./p =0.3, and M =0.35. The results of the prediction of the separate j a o jet-mixing and intern ally-generated noises, as well as their sum, are shown as a function of angle in figure 3 , for both the static and in-flight cases. Considering first the static case ( fig. 3(a) ), it can be seen that the jet noise is dominant at all angles. The total noise, obtained by addition of internallygenerated and jet-mixing noises, differs very little from the jet noise, and in an experiment could easily be interpreted as being pure jet noise.
In flight ( fig. 3(b) ), the jet noise is reduced at all angles (but more so in the rear quadrant than the front quadrant) .while the internally-generated noise is increased for 9 < 90° and decreased for 9 > 90°, Thus, in flight the internally-generated noise is dominant for 9 < 95 . It can then be seen that the apparent dominance of jet noise statically does not indicate that at the same jet velocity or engine power, jet noise will be dominant in flight, as has often been assumed (e. g., ref.
2). The total noise levels statically and in flight are compared in figure 3(c) . The in-flight noise exceeds the static noise for 0 < 60°; this is quite similar to much of the flight data (e. g., ref. 1). It is apparent that this forward quadrant noise increase is dependent on the relative levels of internally-generated noise (and/or shock noise) and jet-mixing noise, as will be shown in the comparisons which follow.
Turbofan Engines
To demonstrate the validity of the prediction methods used in this study, the first comparisons made are between static data and the prediction methods. Then experimental and predicted flight noise levels and static-to-flight increments are compared.
Static. -Experimental and predicted OASPL directivity patterns (on a 4 x 5 A 7-m radius) are compared in figure 4 for a refanned JT8D turbofan engine (3) (ref. 23). v ' Data are shown for three different primary jet velocities. The agreement is very good for the two highest velocities, with the peak noise levels agreeing within less than 1 dB. At the lower jet velocity the noise is slightly over-predicted at all angles, and the peak noise is over-estimated by 2.8 dB. (However, on a sideline basis this difference is reduced to 1.2 dB as will be shown later.) In all cases, the jet-mixing noise is predicted to exceed the internally generated noise at all angles, as shown in the spectral comparisons which follow.
Experimental and predicted spectra are compared in figure 5 for a refanned JT8D engine at the intermediate primary jet velocity (V./c ~ 1.18).
Comparisons are made at 0 = 150° (peak noise angle at constant radius, fig. 5(a) ), 6 = 90° ( fig. 5(b) ), and 0 = 50° ( fig. 5(c) ). Good agreement is shown at all angles. Jet-mixing noise is the dominant source throughout all * 'These data were obtained from isolated-nacelle engine stand tests, but 3 dB has been added for later comparison with flight data for the two-engine DC-9 airplane. these spectra, according to the prediction methods v ' anc^both the higher and lower jet velocities (not shown).
Flight. -Experimental and predicted flyover directivity patterns are compared in figure 6 for a Douglas DC-9 airplane with refarmed JT8D engines. Static levels projected to flight are also shown; these are the data of figure 4 replotted on a sideline basis. The angular scale used is weighted to give a timehistory shape (the scale is linear in ctn 9). Although there is some disagreement at large angles (>3 dB), the peak in-flight levels are predicted within ±1 dB, and the agreement at angles before the peak is excellent. Thus, it can be seen that in-flight noise levels can be predicted with reasonable accuracy, and the problem area is in the rear quadrant rather than the forward quadrant. Improved rear quadrant predictions may require a modification in the F(6>') term shown in figure 1 .
The corresponding experimental and predicted in-flight spectra are shown for the intermediate jet velocity in figure 7 . Comparisons again are made at e = 150° ( fig. .7(a) ), e = 90° ( fig. 7(b) ), and 9 = 50° ( fig. 7(c) ). Jet-mixing noise is predicted to be the more important source at all angles, but the internally-genera ted noise contribution is significant, especially at 9 = 90 and 9 = 50°. The general agreement of experimental and predicted data is encouraging, but the previously indicated problem in the rear quadrant is again evident. As indicated before, the only change needed in the prediction may be in evaluation of F(6>') for large 0'. However, at the highest jet velocity of reference 23 only the 9 = 150° spectral data were shown, and the agreement of those data with prediction is better than that shown in figure 7(a). For the lowest primary jet velocity, corresponding spectral comparisons are shown in figure 8. In this case the internally-generated noise is predicted to be dominant at all angles, and the agreement with prediction is good for all cases.
Static-to-flight increments. -Experimental and predicted static-to-flight increments are shown in figure 9 . The refanned JT8D/DC-9 data, which have been shown in more detail in the preceding sections, are shown in figure 9(a) , and data for a Boeing 727 airplane with conventional JT8D engines* ' are shown /Z\ v -Absolute values of the internally-generated noise prediction parameters of eq. (7) were not given in ref. 23, but it was shown that the predicted internally-generated noise varied approximately with the third power of primary jet velocity. The levels shown here are extrapolated from low jet velocity data using this velocity dependence and should agree closely with eq. (7). Boeing presentation, "727/JT8D Jet and Fan Noise Flight Effects Study," Oral Report No. 1, Contract DOT FA71WA-2637, Mod. 12.
in figure 9 (b). Since these comparisons involve subtracting two experimental values to obtain each data point, the apparent discrepancies between experimental and predicted values are magnified. The two sets of data show comparable worst-case disagreements of about ±3. 5 dB, which should be considered good for comparisons of this type. The trends in the experimental data are predicted rather well, but in figure 9(b) there is a consistent overprediction of the in-flight noise reduction, which amounts to as much as ~2 dB in the forward quadrant.
Turbojet Engines
The contention that internally-generated noise must be taken into account in predicting in-flight exhaust noise was first demonstrated for a turbojet engine in reference 9. As additional evidence, experimental and predicted static-to^moving OASPL increments are shown in figure 10 for a J85 engine installed on the Bertin aerotrain (experimental data of ref. 11). Data for simulated-flight Mach numbers of 0.12 and 0.24 are shown in figures 10(a) and 10 (b), respectively. At the highest jet velocity, shock noise is predicted to have a significant effect which is absent at the two lower jet velocities. (The observed excess static noise above that predicted for jet^ mixing and internally-gene rated noises was projected to flight assuming it to be a shockassociated noise.) Except for radiation angles of 140 or greater in rear quadrant, the agreement is even better here than for the turbofan engines ( fig. 9 ). Further study is required to determine to what extent this largeangle problem is due to shortcomings of the prediction methods and how much error may be due to experimental inaccuracies.
Discussion
As can be seen from the results shown herein, the type of static-tdflight effects to be expected depends on the relative levels of jet-mixing noise and internally-generated noise (and/or shock noise). To demonstrate this point directly, static and flight experimental and predicted flyover directivity patterns are compared in figure 11 for engines with different levels of internally-generated noise relative to jet-mixing noise. Data for the Viper Data for refanned JT8D engines in a DC-9 airplane (at high jet velocity, V./c ~ 1.4) (ref. 23) are shown in figure 11 (b) and represent a "low" internal J " noise case. For the high internal noise case ( fig. 11 (a) ) a forward quadrant noise increase in flight is predicted and observed, while for the low internal noise case ( fig. ll(b) ) noise reductions are predicted and observed at all angles.
CONCLUDING REMARKS
This paper has shown that static and in-flight jet engine exhaust noise can be predicted with reasonable accuracy when the multiple-source nature of the problem is taken into account. It has also been shown that the apparently conflicting static-to-flight increments for various tests can be reconciled when the relative levels of jet-mixing, intern ally-gene rated, and shock-associated noises are considered.
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